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ABsTRACT. A rough comparison between thermal and mechanical methods of de-icing indicates that
mechanical methods could potentially de-ice with an order-of-magnitude less energy than that required
to melt an ice accretion. Two applications of mechanical de-icing using pneumatically driven inflatable
de-icers are described in this report. The first of these was the de-icing of a small cylindrical radome used for
air navigational purposes. Two seasons of testing were conducted with a de-icer consisting of an inflatable-
deflatable flexible plastic covering. The de-icer was driven by tanks with pressure and vacuum reservoirs
that were recharged by an on-site air compressor in response to a pressure sensor. The de-icing cycle was
activated by an ice detector so the system responded to icing events on a demand basis driven by the ice
detector. The system proved successful in keeping the radome free of ice without manned operation and with
small energy consumption in a mountain icing environment. The second application was an attempt to
de-ice the walls of locks used in river navigational facilities, Ice usually formed at the high-water-mark
by the freezing of the water exposed to low air temperatures or by the pressing of ice against the walls by
ships using the locks. The de-icers consisted of air-driven hoses mounted on the wall covered by a thick
flexible rubber mat and protected from ship damage by steel outer plates. This method was successful in
removing ice accumulations up to 2 m long by 0.3 m thick over the area covered by the de-icer. Installation
costs and the necessity for protection of the de-icer against abrasion by ships may make this de-icing method
prohibitively expensive compared with methods which are not as susceptible to damage by ships (e.g.
chemical coatings and electrical heating cables buried in the walls).

Resume. Dégivrage des radomes et des parois des écluses par des moyens pneumatiques. Une comparaison précise
entre les méthodes thermiques et mécaniques pour dégivrer le matériel indique que les méthodes mécaniques
peuvent théoriquement dégivrer des parois pour une dépense d’énergie d’un ordre de grandeur inférieur a
celui nécessité pour fondre la glace accumulée. Ce rapport décrit deux applications du dégivrage mécanique
utilisant des dégivreurs pneumatiques gonflables. La premiére est le dégivrage d’un petit radome cylindrique
utilisé pour les besoins de la navigation aérienne. On a mené deux campagnes saisonniéres d’essais avec un
dégivreur consistant en un couvercle plastique déformable gonflable. Le dégivreur était commandé par des
enceintes sous pression et des réservoirs a vide rechargés par un compresseur d’air sur place, 2 la demande
d’un capteur de pression. Le cycle de dégivrage était mis en route par un détecteur de glace de sorte que le
systéme répondait a la production de givre sur la base d’une demande formulée par le détecteur de glace.
Le systéme a fait ses preuves en gardant le radome libre de glace sans intervention humaine et avec une
faible consommation d’énergie dans ce milicu montagnard givrant. La seconde application était un essai de
dégel des parois des écluses utilisées pour la navigation fluviale. La glace se formait d’ordinaire a la
ligne des hautes eaux par le gel de I'air exposé aux basses températures de l'air, ou par la pression de la glace
contre les parois par les bateaux utilisant Iécluse. Les dégivreurs étaient constitués par des tuyaux d’air
montés sur les parois, couverts par un épais matelas souple de gomme et protégés des chocs par les bateaux
par des plaques d’acier extéricures. Cette méthode a réussi & enlever les accumulations de glace mesurant
jusqu'a 2 m de long sur 0,3 m d’épaisseur sur toute la surface couverte par le dégivreur. Les prix d’installation
et la nécessité de protéger les dégivreurs contre I'abrasion par les bateaux peuvent rendre cette méthode
prohibitive par comparaison avec les procédés ot 'on ne craint pas de dommages dus aux bateaux (tels que
revétements chimiques ou fils électriques chauffant noyés dans les parois).

ZUSAMMENFASSUNG. Enteisung von Radarhauben und Schleusentoren mit Hilfe von pneumatischen Vorrichtungen.
Ein grober Vergleich zwischen thermischen und mechanischen Methoden der Enteisung ldsst vermuten,
dass mechanische Verfahren mit Energiemengen auskommen, die um eine Gréssenordnung geringer sind als
jene, die fiir das Abschmelzen aufgewachsener Eisschichten benétigt werden. In diesem Bericht werden zwei
Anwendungen mechanischer Enteisung beschrieben, dic auf pneumatische angetriebenen, auf blasbaren
Geriten beruht. Die erste gilt der Enteisung einer kleinen, zylindrischen Radarhaube, die fiir die Flugzeug-
navigation dient. Die Erprobung eines Enteisers, der aus einem auf blasbaren und entleerbaren, biegsamen
Plastikiiberzug bestand, erstrecke sich iiber zwei Winter. Der Enteiser wurde mit Pressluft- und Vakuum-
tanks betrieben, die vor Ort durch einen Luftkompressor, gestcuert von einem Druckmesser, geladen wurden.
Der Enteisungszyklus wurde durch einen Eisdetektor in Gang gesetzt; das System sprach bei Vereisung auf
Befehle des Eisdetektors an. Die Radarhaube konnte mit diesem System ohne menschliches Eingreifen und
bei geringem Energieverbrauch in einer kalten Gebirgsgegend eisfrei gehalten werden. Die zweite Anwen-
dung bestand in dem Versuch, Schleusentore in der Flussschiffahrt zu enteisen. Das Eis bildete sich
gewdhnlich bei hohem Wasserstand durch Anfrieren von Wasser, das tiefen Lufttemperaturen ausgesetzt
war, oder es wurde von Schiffen, die die Schleusen benutzten, gegen die Tore gepresst. Der Enteiser bestand
aus luftbetriebenen Schliuchen, die auf das Tor montiert, mit einer dicken, biegsamen Gummimatte bedeckt
und gegen Schiffsbeschidigungen durch dussere Stahlplatten geschiitzt waren. Diese Methode erwies sich
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als geeignet zur Beseitigung von 2 m langen und 0,3 m dicken Eisdecken in jenen Bereichen, die von dem
Enteiser bedeckt waren. Die Kosten der Installation und die Notwendigkeit des Schutzes des Enteisers vor
Beschidigung durch Schiffe kénnen diese Enteisungsmethode im Vergleich zu anderen Methoden, die gegen
Beschidigungen durch Schiffe weniger empfindlich sind (z.B. chemische Schutzschichten und in die Wande
verlegte Heizkabel), unvertretbar verteuern.

INTRODUCTION

Mechanical de-icing methods are advantageous because only a comparatively low energy
is required to remove ice by a mechanical technique. The energy required to melt even a
few millimeters of ice is prodigious because of the latent heat required to convert ice to water
(0.33 M]J/kg). For example, the power requirements for the surface area of a small heated
radome are estimated to be in excess of 10 kW when the heat losses due to radiation, wind,
and temperature during normal operating circumstances are taken into account. In most
cases, the power required to de-ice other than very limited surface areas by heating is con-
sidered to be prohibitive unless excess heat is available from some other source, or alternative
techniques to that of heating are not acceptable. A comparison of the energies required for
mechanical and heating methods requires several simplifying assumptions that may not be
strictly true, but are helpful in gaining an order-of-magnitude estimate.

For the heating method, we assume that to remove an accumulation from the surface it 1s
sufficient to melt a layer of ice 1 mm thick. (For example, on a vertical surface, gravity would
cause an ice accumulation to fall after a layer 1 mm thick at the interface is melted.) The
energy required to melt the ice is

E=LpV,

where £ is the energy, L the latent heat, p; the density of ice, and V the volume melted
(assuming that the ice is at the melting point). For an area of 1 cm? and a melted thickness
of 1 mm?, the energy required is 30.2 J.

For a mechanical estimate, we take the adhesive strength on metals (high adhesive
strength) to be 44 N/em?2. Over the 1 cm? area of the previous example, the force required to
displace the piece of ice by (completely shift it from the position it occupies) is 43.1 N.

The energy required to displace the ice is the product of this force and the distance moved
by the ice (1 cm), i.e.

E=Fxd,

so that 0.43 J are needed. Thus, the ratio of the energy required to remove ice by heating
to the energy required to remove it mechanically is about 70 : 1.

Implicit in this calculation are several simplifying assumptions concerning the melting
and breaking processes; these assumptions are subject to different interpretations. However,
sophistication in the calculation could not conceivably reduce the ratio by an order-of-
magnitude. As an example of the general correctness of this comparison, the current aircraft
design standards for melting snow or ice from surfaces specify a delivery of 3-5 W/em? of
energy to the surface. Typically (Bowden and others, 1964), the power-on time would be
of the order of 10 s, which would indicate a need for 30-50 J in order to remove ice by melting.
This indicates that our choice of 30 J to remove ice by melting is within the range of current
operating practice. Also, the mechanical adhesive strengths used are experimental values
generally repeatable (within experimental error) and are frequently cited as rcasonable
values. If the most favorable calculation from the heating standpoint is taken, it still appears
that a ratio of heating encrgy to mechanical energy of less than 10 to 1 is not casily obtainable.

From this preliminary comparison, one would move to the particular engineering solution
desired, and decide whether the problems of delivering either mechanical or heat energy to
the desired areas to obtain the desired effect give an advantage to heating methods that
outweighs its energetic disadvantages. The whole problem probably cannot be fully resolved
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without direct comparisons of the two systems in similar operating conditions. However, the
preliminary assessment indicates that the potential of mechanical methods justifies pursuing a
specific solution to icing problems. An approach to this solution, including field testing of two
mechanical de-icing systems, is described in this paper.

I. RADOME DE-ICING
Design considerations for a mechanical de-icing system

The principal requirement of an effective system for removing ice is that it shall deliver
the energy at the point where it will do the most good. In this case, as is also the case for
heating systems, the need is for work to be done at the ice-substrate interface. The most
effective method would employ a peeling or scraping action since this requires the least
force. However, another method, which requires a slightly greater force, is that of the
alternate inflation and deflation of a covering over the radome using compressed air. The
pressure is sufficient to fracture the ice on the covering, and the alternate inflation-deflation
cycle causes the cover to move out so that the pieces of ice can separate and fall under the
influence of gravity. Such a system has the advantage of being relatively cheap, and has
standard components (compressor and valves) which are easy to maintain and have a high
reliability. The portion covering the radome (or “boot”) can also be made entirely of dielectric
material so that interference with the antenna beam pattern should be minimal.

It was decided, for the geometry of the radome cover, that a quilt or a tube pattern,
causing a large radius-of-curvature change to occur over distances equal to the tube width or
the spacing of the quilt pattern, would be advantageous. It is evident that with this design
many fractures will occur within the ice so that the pieces can be more easily separated, when
wind and gravity will carry them away from the covering. Also, the volume of air necessary
to inflate the boot will be less since the tube or quilt pattern reduces the thickness of the air
space. Another consideration for the particular application to radomes is the importance of
maintaining a symmetrical shape for the radome. By using a tube or quilt configuration, the
relative distortions between different areas of the radome were minimized, and the cylindrical
configuration remained substantially intact, since the maximum displacement of the covering
from the radome was of the order of a few centimeters.

Caleulation of boot pressures necessary to fracture ice

Minimum pressures must be developed within the boot in order to obtain the necessary
stresses to [racture the ice. The calculation of this pressure can be performed by using a simple
analogy. The boot consists of uniformly spaced, fixed centers which allow no motion of either
the boot or the ice covering, i.c. the boundaries between the tubes or the “dots” of the quilt
pattern. A constant pressure is applied to the ice in between these fixed points. This problem
is equivalent conceptually to that of a plate (the ice) which is simply supported at equally
spaced points and subjected to a constant load. Because of the symmetries of the problem, the
solution to an equivalent beam problem would be appropriate. Therefore, we approximate
the situation to that of a uniformly loaded beam of ice simply supported at the points where no
inflation is allowed to take place, i.e. the boundaries of the tubes or the “dots” of the quilt
pattern. We calculate the bending moment M as

M = kw2,

where w is the load and / is the distance between successive support points (Fig. 1).
The stress op necessary to fracture the ice is given by

) Me . M
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Fig. 1 (left). A model for ice fracture by a preumatic boot as a simply-supported beam under a uniform load. The supports on
the beam are approximated by the immovable area between inflatable tubes and the uniform loading is approximated by the
pressure in the boot.

Fig. 2 (right). The structure of the boot used in the radome covering.

where b is the ice beam width, 4 is the ice thickness, § = (bh?)/6, ¢ is the distance to the neutral
axis, and [ is the moment of inertia.

Since we are interested in the thickness of ice that can be broken for a given value of the
boot pressure, we substitute and rewrite the previous two equations:

3wl

=

laking b = 1.25 cm, [ = 7.5 cm, 6r = 1.47 MPa, a table of ice thickness versus boot pressure
can be constructed (Table I).

Since the stress used is that appropriate to pure ice with no apparent defects, the ice
thicknesses calculated here probably represent lower bounds to those that can be broken in
real situations. From this analysis we conclude that a boot pressure of 6.89-399.73 kPa
should be adequate to fracture ice provided the inflation cycling time is of the order of
minutes, i.e. ice could not build out during one or a few cycles beyond the thickness that can
be fractured. Implicit in this analysis is the assumption that the ice will fall away easily if it is
fractured. These criteria also assume that an adequate ice detection system will trigger the
de-icing system into operation prior to the onset of a heavy build-up. As will be discussed in
later sections, these criteria are, and were, obtainable in our tests.

TaBLe [. CALCULATED VALUES OF
BREAKABLE ICE THICKNESS FOR GIVEN
BOOT PRESSURES

Maximum breakable

Boot pressure ice thickness
kPa mm
0.068 g5 0.6
0.689 5 1.8
2,068 3.1
3-447 4.1
5.171 5.1
6.895 5.8
3447 12.7
68.95 18.0
138.0 25.4
206.8 31.2
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Construction of an inflatable de-icing system

"The polyurcthane material used in the radome boot was a flexible, black thermoplastic,
with an indentation hardness number of 83 on the Shore A scale. The tensile strength was
between 40 000 and 50 0oo kPa, with an elongation of 500 to 6009%,. The fatigue endurance
was such that the material could complete 106 cycles before failure. The diclectric constant
at 1 MHz was between 6.5 and 7.1. The material could be either heat-sealed or treated with
a commercially available solvent in the boot fabrication process.

The final design (Fig. 2) eventually consisted of two layers of 0.3 mm polyurethane film
which was used because it was commercially available in wide stock and showed more elasti-
city than thicker films without an undue loss of strength. This boot had one inflatable layer
constructed between the two layers of polyurethane film. The outside seam was continuous
and was formed with a heat-sealer soldering iron. The inner connections were dots formed by
an iron tip shaped as a circular disc approximately 6.5 mm in diameter. These dot connections
proved to be very strong and could withstand the flexing action of the boot.

A full-sized cover for a TACAN randome was constructed. This cover had a dot spacing
of 75 mm in an equilateral triangle pattern. The bottom edge was a fold in the original
spliced sheet, and a drawstring was threaded through this fold to allow tightening around the
radome. Two 12.5 mm clear plastic rods were inserted and holes were punched near the
rods to give rigidity and to allow a shoe-lacing up the side of the radome. These ties allowed
the slack in the material to be taken up and gave the boot a tight fit against the radome.
Valves fabricated from ““Teflon” were inserted at four locations equally spaced around the
bottom of the boot. The use of several valves instead of Jjust one ensured the easy flow and
withdrawal of air from all parts of the boot in the event of a fold or small constriction develop-
ing at one or more points. Polyurethane tubing connected the four valves on the boot to a
manifold located in a frame which also contained the compressor unit and valve control system.

A view of this full-scale cover installed on a TACAN radome mounted for testing at
Mt Washington, New Hampshire is shown in Figure 3. The boot was constructed entirely
of dielectric materials, and efforts were also made to maintain the cylindrical symmetry of
the radome in its construction. Exceptions to this symmetry were the two plastic rods which
were used to provide rigidity at the shoe-lace area. These rods were convenient in fastening
the radome of this test boot at the site, and it is believed that an alternative method of fastening
the boot together, such as plastic grommets, can be casily devised if necessary to prevent
interference with the beam pattern of the antenna.

To Boot {::: Manifold -—-—.I
:—:j | -
T " ] ]

|

t’ﬁ‘slnef Valve '___—_-__:

(M) Cam motor used to activate valves

I 1
I 1
L 1 (HPC)High Pressure Control Switch
F =, (LPC) Low Pressure Contrel Switch
Tank (¥, V,) Three-way Solenoid valves
A
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Fig. g (left). A full-sized TACAN radome cover installed on the test site at Mt Washington.
Fig. ¢ (right). Diagram of the inflation—deflation cycling equipment used in the 1972-73 winter field tests.

-
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A schematic diagram of the inflation system for the de-icer is shown in Figure 4. The
operation of the de-icer system was as follows: When the system was energized, either by a
single switch or an ice detector, the compressor started and drew the air from the vacuum
tank. When the vacuum was low enough, the vacuum control closed and the cycling of valve
V2 began. The pressure side of the system was a tank of 0.01 m? volume maintained at
approximately 0.28 MPa. The boot held around o.12 m3 of air at a boot pressure of
13.2 kPa. Any excess pressure was fed back to a relief valve and purged to the atmosphere.

The high-pressure control was able to sense a low pressure, to open valve vi, and thus to
draw in some air through the vacuum side; this compensated for small leaks in the system.
We found it necessary to use a larger tank for the vacuum than for the pressure side. The
vacuum needed to deflate the boot totally was approximately 375 mm of mercury. Both the
pressure and vacuum were fed to the boot via valve v2. The cycling was controlled by a set
of motor-driven cams which were arranged to allow a total inflated time of 30 s and a deflated
time of 60 s.

A third cam controlled the cam motor itself to stop the cams so that valve v2 would
remain open on the pressure side, and the boot would remain inflated when power to the
system was cut.

Field tests of the de-icer system

The field testing program was conducted at the summit of Mt Washington, which is
located in the White Mountains in north-eastern New Hampshire. Mt Washington is the
highest point in the north-eastern United States of America, and, because of its height,
surroundings, and geographical location, has severe weather conditions all year round and
particularly severe icing conditions from November to May. These conditions are caused by
the interaction of coastal and continental weather systems in this region and the presence of a
unique valley structure in the immediate vicinity. The valley structure is such that a pro-
nounced orographic uplift exists, leading to the presence of a cloud cap during most of the
year. Under winter conditions, the fog in this cloud cap deposits supercooled water droplets
on any surface it strikes, leading to heavy ice formations.

The summit is also convenient for testing since people are stationed there throughout the
year. In addition to people maintaining transmission and relay equipment for television and
radio communications, there is an independently run first-order weather station, the Mt
Washington Observatory. The observatory has two full-time weather observers who were
contracted to activate and monitor the de-icing experiments. Accurate weather summaries,
photographic coverage of the de-icing tests, and narrative descriptions of the de-icer operation
were provided for the two seasons of tests, the winters of 1971-72 and 1972-73. Trips to the
summit were made at scheduled intervals by chartered “Snow Cat” for the purposes of main-
tenance, testing, and conference activities.

The test site at the summit was close to the building which housed the observatory, it was
at the end of an elevated track used by a cog-railway excursion train during the summer
season. A TACAN radome was mounted on a platform on this track at a base height approxi-
mately 2.1 m above the ground. The platform was attached by spikes and was also guyed to
the railway trestle for protection against winds. A small shack was constructed under the
tracks directly below the radome to house the compressor, tanks, valves, and other components
of the inflation system. Power was supplied to the shack through a line from the observatory
building, approximately 7.5 m away.

Results and conclusions from the 1972-73 winter lests

The 1972-73 season was devoted to a test of the full-sized radome cover of the quilt design
described earlier and shown in Figure 3. A number of features were incorporated into the
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final system in order to protect it against the damage suffered by some of the test strips in the
previous winter, and also to take full advantage of the wind forces available for removing ice.
This was accomplished by constructing the top portion of the cover to fit under the top cover
of the TACAN radome (on the non-vertical faces this portion was not inflatable) to provide
a tight fit and to prevent loose ends being ripped by the wind. The inflation system was also
designed to dump air from the tank into the boot when the system was shut down, leaving the
boot in a partially inflated condition. The boot could then be moved slightly by the wind
and hopefully the “fluttering™ action would act as a passive de-icer, allowing small accumula-
tions of ice to be easily removed while they were forming. It was also believed that wind
action would remove any residual ice left after the de-icer was shut down, if it was partially
inflated.

Tests during the first half of the season indicated that the de-icer had the ability to accom-
plish two objectives: (1) It appeared that partial inflation of the de-icer was successful in
removing light accumulations of ice under the action of strong winds alone. Heavy icing
conditions negated this effect, but, if the rate of icing was sufficiently low, the boot would
successfully remove ice that would have remained on more static structures. (2) The boot
could also remove successfully from the radome extensive accumulations that consisted

Fig. 5. Photographs showing the progress of de-icer action from the beginning of the operation (a). The time span a~dis 10 min,
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largely of a glaze of denser rime. Figures 5 and 6 show the sequence of de-icing from the
start of the inflation equipment. In both cases the time for a substantial clearance of ice was
about 10 min, or roughly four inflation—deflation cycles.

During the second half of the season a Rosemount Ice Detector was used to activate the
de-icer system instead of manual activation. The detector was arranged to start the de-icer
when an icing signal was received. The ice detector triggered the timer and shut off the
de-icer approximately 15 min after the last icing signal was received.

Fig. 6. Another example of de-icer action. The time span a—d is approximately 1o min.

The results were as follows: (1) The activation of the de-icer by the ice detector was
successful since it started the equipment only when an icing condition occurred. The system
broke down only during the early stages of the testing, when an unstable mounting on the ice
detector caused damage to its probe and rendered it ineffective. When the detector was
repaired, the system performed satisfactorily in its activation for a three-month period.
(2) The use of the ice detector in the system allowed the de-icer to keep accumulation at
minimal levels and it appeared that it would have kept a real system operative most of the
time. The system was able to clear the build-up of ice for most conditions. Continued wind
action, solar heating on the black surface, and sublimation also assisted in removing any
residual ice which accumulated intermittently on the radome and which was not removed
during the original de-icing period. Figure 7 shows two examples where the surrounding
structures underwent severe icing whilst the radome surface remained clear of ice during a
long-term icing condition.

From these tests, it is concluded that the de-icer—ice-detection system using an inflatable
de-icer and an ice detector would help considerably in keeping radar sites operational when
snow and ice accumulations would normally cause a breakdown or signal distortion.

https://doi.org/10.3189/50022143000215670 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000215670

RADOME AND LOCK WALL DE-ICING 475

Fig. 7. Photographs of the Mt Washington site. Note that no heavy ice build-up has occurred on the radome cover.

II. Lock WALL DE-ICING

Lock walls in ship navigation locks represent a quite different de-icing problem to that of
radomes since the ice accumulations result from hydraulic rather than atmospheric conditions.

The build-up occurs because of two major factors. First, the ice is brought in with ships
from up-stream during the locking process. This ice is crushed against the walls and gates
by the moving vessel. In below-freezing air temperatures the ice will freeze and remain on the
walls. This build-up is very rapid, for example 0.25 m of ice can accumulate during a single
ship passage.

The second factor is the rise and fall of water levels during lock operations in below-
freezing air temperatures. Each time the level is changed, some water remains and freezes to
the wall. The accumulation rate depends on the number of lock operations as well as the air
and water temperature, and is relatively slow compared with the rate due to the crushing of
ice on the wall, but over a period of time this second type of accumulation may also become
a serious problem.

Since inflatable de-icers were successful on radomes, this approach was again utilized.
Inflatable devices offer several advantages over other methods. Some of these advantages
are: a readily available driving media (compressed air), which is already installed at most
sites; standard fabrication processes, high strength and durability; and relatively low overall
system cost. The energy required to crack ice is so much lower than to melt even a very thin
layer that operational costs could also be expected to be lower than for a heating system. In
the application of these ideas to lock walls and gates, two problems which had to be considered
were the ability of the de-icer to remove thick accumulated ice and the durability of the de-icer
to withstand the forces which ships could apply to it either directly, or indirectly through the
crushing ice.

Although more complex conditions may control the effectiveness under real conditions,
calculations of the forces required for ice separation or fracture based on the following assump-
tions and criteria for the transition give us some insight into the process of ice removal by this
system.

Let us assume that the de-icer consists of a pair of rigid plates hinged at both ends which
can be opened slightly by some means (such as a pneumatic method). Three modes of ice
removal, which depend upon the thickness of the ice built up on the plate, can be identified
as shown schematically in Figure 8. The force required for ice removal and the transition
points can be calculated using the equations given below. Assuming the various strengths of
ice and the adhesive strength of the ice—steel system:
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Fig. 8. Models of ice removal for different thicknesses of cover. a. thin ice, b. intermediate thickness, c. thick ice.

Condition (a) Ice is thin so that it is fractured at the hinges, but little ice is removed.
Condition (b) Ice will be fractured in the intermediate thickness range, then separated by
shear action.
Condition (¢) Ice cannot be broken when it is thick, but simply separated from the plate
by tensile force aided by peeling action.
For the thinnest ice (Fig. 8a) the force F needed for ice removal is given by
2
F = . dT,
[
where £ is the ice thickness, [ is the distance between fracture points, d is the width of the ice
accumulation (not shown in these Figures) and T is the tensile strength of the ice (250 N/cm?).
The force needed for the removal of intermediate thicknesses of ice is given by (Fig. 8b)

F = 2hdS;,

where S5 is the shear adhesive strength of the ice (55 N/cm?).
The transition from mode (a) to (b) would occur when

where C is the compressive strength of ice (400 Nfcm?), i.e. at the ice thickness 0.137 5/
(where [ >~ 300 mm in the present case) so that ice would begin to be sheared off when its
thickness exceeds 41.25 mm. The force needed for the removal of thick ice (Fig. 8c) is given
by

= QIdTa,

where T, is the tensile adhesive strength (350 N/cm?). The transition from mode (b) to (c)
would occur when either

T,

a
h> 1t =636l

i
h > JJT“ = 1.18l,

or
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in other words, at 1.18/ = 354 mm. Laboratory experience indicated that this estimation
predicted these transitions reasonably. The force required for separation in case (b), however,
is several times smaller than the calculated value. Uneven stresses applied on the ice panel
interface due to uneven thickness of ice probably caused the initiation of a crack at the
edge of the ice, and then the crack spread with a very small supply of energy.

De-icer design and construction

The final design allowed for expansion of the de-icing surface and provided some resistance
to the heavy abrasion likely to be caused by vessels in the locks. The outer surface material
consisted of two steel plates backed with a sheet of cast rubber. A hose (100 mm diameter)
of the type used for firchose was behind the rubber along the center line connecting the steel
plates which were hinged in the center. A de-icer plate installed on a lock wall is shown in
Figure 9. As shown, the outer plates were fastened to steel pipes mounted on the lock wall
and could rotate when the firehose was inflated.

oy

T A A

Fig. 9. Model II de-icer installed in the cold pit area and attached to steel pipes mounted on the lock wall,

A series of five de-icer plates were installed along a section of lock wall at Sault Sainte-
Marie, Michigan, during a winter season. Figures 10a and b are diagrams of the installed
design in the inflated (a) and deflated (b) condition. Air pressure of 0.55 MPa was used to
inflate the de-icer. Figure 1oc shows the installed section of lock wall de-icer after a de-icing
test which demonstrated the removal of a sheet of ice over two-thirds the length of the de-icer
(~1.75 m) and the entire width of the working section. The ice thickness varied over the
length but was about 300 mm in the thickest region. T'wo cycles (2 inflation-deflations) were
required to remove the ice.

The major problems for installing such a system appears to be its very high initial cost
and its durability which was not adequately tested over only one season. It does, however,
remove ice (as some methods do not!) and does so in a very short time. The frequent and
rapid ice removal could be a distinct economic advantage over other systems since consider-
able savings could be made if the delay time to ships waiting for locks to become operational
can be reduced. A single iron-ore carrier, for example, would be expected to lose many
thousands of dollars for each day of delay if it could not pass through a lock because of ice
blockage problems.
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Fig. 10. a and b. Diagram of the de-icer installed for field testing at Sault Suinte- Marie, Michigan. c. Photograph of the
test de-icer. Note the ice already removed in the region of the de-icer ; this removal needed no more than three to four inflations
of the system.
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DISCUSSION

D. Kuriowa: I suspect that the surface of your de-icing device may be destroyed by weather-
ing. Could you tell me how long the de-icing action would remain effective during the winter?

S. F. AckLey: The boot lasted well throughout the entire winter session with little evidence of
deterioration at the end. It was also subjected to some laboratory tests later without effects of
noticeable deterioration appearing. I would guess that it would last several years on an
installation before replacement. It is also cheap and easily constructed, so replacement
of the original cover could easily be made as a normal maintenance operation at the installa-
tion during good weather.

E. Virroratos: Why is the cost of the mechanical system prohibitive?

AckrLEy: The area of lock wall is several thousand square metres and the steel needed for
protecting the inflation portion of the de-icer would be quite expensive compared to methods
that do not need protection (chemical coatings) or are not installed on the wall (jet cutting
or chain-saw methods).
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